[1] Marine diatoms take up silicic acid for the buildup of their opaline shells and discriminate against the heavier silicon isotope. For the first time, the overall oceanic distribution of silicon isotopes has been estimated by integration of the Hamburg Model of the Ocean Carbon Cycle, version 4 (HAMOCC4). It is shown that the relationship between the silicic acid concentration and its silicon isotope composition is not a simple Rayleigh distillation curve. Only the Southern Ocean and the equatorial Pacific show a clear functional dependency similar to the Rayleigh distillation curve. Model results can be used to predict opal silicon isotope compositions in the sediment and constrain the use of silicon isotopes as a proxy for silicic acid utilization. Owing to the structure of the Pacific current system, it might be valid to apply a relationship between surface silicic acid concentrations and the silicon isotope signal in the equatorial Pacific sediments.
Introduction
[2] Diatoms play an important role in the fixation and export of organic matter from the euphotic zone to the deep ocean. Since diatoms require silicon for growth, there is a steadily growing interest in the study of the marine silica cycle. The accumulation of opal in sediments has often been used as a tracer of productivity, but there is some question as to what degree opal production may be decoupled from opal accumulation in the ocean . Reconstruction of the concentration and biological drawdown of silicic acid in the ancient surface ocean would be of great use to the study of primary production and silica cycling in the past. One means of assessing past ocean productivity is through modeling, but modeling biological productivity at the Last Glacial Maximum (LGM) always suffers from the lack of direct measurements.
[3] Forcing LGM ocean general circulation models (OGCMs) or coupled ocean-atmosphere models has to rely on proxies and results (e.g., biomass production) have to be compared with contradictory proxy results [Loubere, 2000; De La Rocha et al., 1998] . It becomes important then to assess the reliability of proxies in the reconstruction of past oceanic and climatic conditions. A long line of proxy data is already available for many important climate variables [Wefer et al., 1999] . Among those are temperature (alkenone unsaturation ratio in coccolithophores or Mg/Ca ratios in foraminifera), sea level (d 18 O ice-cores ), pH (d 11 B in foraminifera), and nitrate utilization (d 15 N in organic matter), to name just a few. The closer we look at these proxies the more we are aware of their pitfalls [Wefer et al., 1999] .
[4] Recent work taking advantage of the fractionation of silicon isotopes by marine diatoms has suggested that the silicon isotopic composition of diatom opal may be used to reconstruct the cycling of silicon within the surface ocean [De La Rocha et al., 1997 , 1998 ]. To date, however, a critical assessment of silicon isotopes as a proxy of silicic acid utilization has not been carried out. The current work presents results from the Hamburg Model of the Ocean Carbon Cycle, version 4, (HAMOCC4) for the marine distribution of silicon isotopes. It will be investigated whether the use of silicon isotope ratios of diatom frustules is a valid approach to derive past silicic acid utilization. Furthermore, silicon isotope ratios will as well be examined as a potential proxy for absolute silicic acid concentrations.
Silicon Isotopes
[5] The three stable isotopes of silicon are 28 Si, 29 Si, and 30 Si with abundances of 92.22%
28 Si, 4.68% 29 Si, and 3.08% 30 Si, respectively [Rosman and Taylor, 1998 ]. Isotope ratios for silicon are defined by the abundance of the rare isotope divided by the abundance of the most abundant isotope,
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where 30 R A and 30 R B are the isotope ratios of educt A and product B of a process (here: the uptake and fixation of silicic acid in a diatom frustule). Since a is close to 1, the fractionation , i.e., the deviation of a from 1 in parts per thousand (%), is commonly used,
For instance, for the process of silicic acid fixation by diatoms is À1.1%. For silicic acid fixation by sponges, is about À3% [De La Rocha, 2003] . The isotopic composition of compounds (equation (6)) is reported as a ratio normalized to some standard value. where NBS stands for the United States National Bureau of Standards [Coplen et al., 2002] . Again, since the differences in isotope ratios are generally very small and the ratios R are close to unity, the isotopic signal of a sample A relative to a standard is reported as the deviation d from one in parts per thousand (%),
Here d (in %) describes the accumulated signal or the overall composition of a sample, whereas the fractionation process is described by a or (Figure 1 ).
[6] If elements such as silicon have more than two stable isotopes and the fractionation is mass dependent, the fractionation between one pair of isotopes can be approximated by the fractionation factor of the other pair of isotopes [Criss, 1999] ,
where z depends on the isotope masses as follows: Si in opal and silicic acid, respectively. Opaline frustules were about 1.1% isotopically lighter (i.e., depleted in 30 Si with an e = À1.1) than the silicic acid in the water they were built from. Neither did 30 a seem to be temperature dependent in the range from 12°C to 22°C, nor was it dependent on the growth rate. The measured fractionation factor was identical to the one found for the species Phaeodactylum tricornutum about 20 years ago [Spadaro, 1983] . Under the assumption that the silicic acid taken up by diatoms is supplied from a finite pool of Si, continuous uptake of silicic acid progressively changes the isotope signal of both the silicic acid pool and the biogenic opal (Figure 1 ). This process is called Rayleigh distillation. The isotopic composition of diatom frustules is made up of relatively greater proportions of 30 Si as the concentration of silicic acid goes down. Thus the silicon isotopic composition can give information about the fraction of dissolved silicic acid (DSi) taken up and thereby also on the diatom productivity. The Rayleigh distillation theory can be applied to ocean areas under certain conditions in which water parcels are separated from surrounding water masses Figure 1 . View graph of the Rayleigh distillation curves under the assumption of a closed system and LGM and Holocene sediment data [De La Rocha et al., 1998 ]. [De La Rocha et al., 1998] . At the LGM the isotope composition of the frustules was about 0.7% lighter than today. This was explained by a 50% reduction of silicic acid utilization at the LGM compared to today (Figure 1) . Recently, results from a d 30 Si record over the last 300 ka also suggested less silicon utilization during the last three glacial periods .
A Model for the Global Ocean Silicon Cycle

HAMOCC4 Model Setup
[11] HAMOCC4 is driven by monthly fields of advection, convection, temperature, and salinity from the Hamburg Large Scale Geostrophic ocean circulation model (LSG ). The LSG itself is forced by temperature data from COADS [Woodruff et al., 1987] and wind fields of Hellerman and Rosenstein [1983] . Salinity is restored to Levitus [1982] data. Sea ice coverage is taken from the dynamical sea ice model of LSG. The underlying grid is a 3.5°by 3.5°Arakawa Egrid [Arakawa and Lamb, 1977] with 15 vertical layers down to the realistic (but smoothed) bottom topography. Tracers are advected with the help of an upstream scheme. For this study we focused on silicon. Other tracers are only mentioned if they are directly related to the Si cycle.
[12] Of particular interest to this study are the Southern Ocean and the equatorial Pacific. As it is well known for general circulation models, also the HAMOCC4 does not perfectly reproduce mixing in the Southern Ocean. This is also due to the missing representation of mesoscale eddies. One indication for the proper reconstruction of the Southern Ocean overturning is the Ekman transport along the Antarctic Circumpolar Current that has been estimated by local inverse modeling to 34 Sv [Sloyan and Rintoul, 2001 ]. The HAMOCC4 model gives a corresponding transport of 27 Sv, which is a good result for a model with a comparatively coarse grid. Similarly, the strength of the equatorial Pacific upwelling in the model (52 Sv) is close to estimated values and therefore an indication of a sufficient representation of the model physics in the areas of interest (see below). Furthermore, the model was also tested for distributions of CFCs and radiocarbon in the Southern Ocean and compares well with other general circulation models [Dutay et al., 2002] .
[13] Monthly velocity fields are interpolated to ten 3-day time slices to allow for a sufficiently short integration time of the biological module. Each biologically active element fulfills the tracer equation,
where C i denotes tracers,Ũ is the advection velocity, D is the diffusion operator, Â represents tracer specific source and sink terms (e.g., riverine input of silicon isotopes) and F i is the nonlinear (biologically mediated) interaction between the different tracers.
[14] The biomass limiting nutrient is phosphate (PO 4 3À ), which is consumed by phytoplankton. Phytoplankton uptake of PO 4 3À is described by
with the growth rate m depending on temperature T (°C) and light L (W m À2 ) (see below and Table 2 for model parameters). Sources of PO 4 3À in the water column include bacterial remineralization of dissolved organic and particulate organic material, and remineralization of inefficiently grazed and left over phytoplankton (see Six and MaierReimer [1996] for details).
[15] The equation for phytoplankton reads
The growth rate m depends on temperature and light [Smith, 1936] ,
where I 0 is the surface irradiance in W m
À2
, PAR describes the amount of photosynthetically active radiation, a is the initial slope of the P-I curve, and k is the light extinction coefficient.
[16] The change of grazers is described by
The differentiation between buildup of biogenic opal or calcite is carried out similar to Maier-Reimer [1993] . There is a smooth transition from opal production (P(opal)) by diatoms under silicic acid replete conditions to calcite production P(calcite) by coccolithophores when silicic acid is depleted, This formulation ensures that at any location the rain ratio ''Calcite:Organic Carbon'' ranges from 0.05 to a maximum of 0.25. Global average of the rain ratio of particle export, i.e., particles that leave the top 100 m, is approximately 0.2.
[17] Particulate matter that sinks out of the euphotic zone is transported to depth with a sinking speed of 5 m d
À1
. Opal dissolves with a temperature dependent dissolution rate of l(month
) Á (T(°C) + 2°C). Temperature-dependent dissolution of opal has been described by, for example, Kamatami and Riley [1979] and Tréguer et al. [1989] . The factor 0.01 is chosen to fit the global average vertical silicic acid concentration gradient. A slightly modified version of the sophisticated sediment model by Heinze et al. [1999] , now with an implicit iteration scheme is used to describe accumulation, dissolution, and burial of particulate matter. Riverine input balances the matter that leaves the lowest sediment layer. The silicic acid saturation concentration in the pore water of the sediment is set to a global average of 820 mmol Si L À1 , which is slightly below the maximum value of 900 mmol Si L À1 measured in sediment porewaters . Our global average might be too high, but since the redissolution of opal from the sediments and the accumulation of opal on the sediment is similar to what has been estimated before, we stay with this value. We are aware of the fact that it will be necessary to include a spatially varying silicic acid saturation concentration in future model versions.
Spinup
[18] The model that was used for this study already had a compartment for total Si. To allow calculation of d 30 Si, silicon 30 was added. Owing to the small magnitude of the fractionation of silicon isotopes by diatoms and in order to precisely calculate d 30 Si the number of iterations of the implicit temporal tracer integration had to be increased compared to other HAMOCC4 runs. This increased the computation time by a factor of 2 (100 model years ' 10 4 CPU seconds on a NEC SX6 computer). [19] Starting with a distribution of tracers given by HAMOCC3.1 [Six and Maier-Reimer, 1996] , the model was run for 23,000 model years into a new close to equilibrium state (atmospheric CO 2 of 280 ppmv). The turnover time for silicon in the ocean is about 16,000 years [Tréguer et al., 1995] . The silicon isotope composition of the water was initialized with the modern river silicon isotope composition. River runoff is equally distributed around the continental margins. This simplification of the real situation is assumed to have a comparatively small effect on the model results, because the turnover time of silicon in the ocean is about an order of magnitude faster than the mixing time of the ocean.
[20] The total amount of 28 Si in the ocean does not change with time because the riverine input is exactly balanced by the burial in the sediments. A steady state in the distribution of the 28 Si in silicic acid and biogenic silica is reached after several turnovers of the conveyor belt, i.e., in a few thousand years. On the other hand, the total amount of 
gives an asymptotic value of 1.36% for time t ! 1.
[22] Differences of measured and modeled surface silicic acid concentrations are small in low and mid-latitude areas as well as in the North Atlantic (Figure 2 ). Two highnutrient low-chlorophyll areas show larger discrepancies between model results and observations. The North Pacific as well as the Southern Ocean has been found to be iron limited [Martin and Fitzwater, 1988; [Boyd et al., 2000] . HAMOCC4 uses its dust field only to increase accumulation of particles, i.e., not as an additional iron input that could increase phytoplankton growth rates. Hence the biological production in the Southern Ocean and in the North Pacific draws too many nutrients out of the surface, and thus surface nutrient concentrations are too low.
[23] The far eastern equatorial Pacific seems to have higher than measured silicic acid concentrations. On the one side, this might be due to the coarse model grid and a relatively high vertical diffusivity; on the other side the routines used for the interpolation of the observed silicic acid distribution (Figure 2 ) tend to flatten out meridional structures. Thus, the high silicic acid tongue along the equator might be underrepresented in the observational, but still gridded and interpolated data. Further differences in the very high northern latitudes including the Hudson Bay are in areas that are often covered by ice. Model processes below northern ice covers are not well known, and hence their model representation (e.g., no phytoplankton growth below ice) might not represent reality. These areas are neglected in further examination. They do not significantly affect the distribution of silicon isotopes in the rest of the oceans.
[24] The pattern of annual opal production in the model in the surface layer agrees well with observations ( Figure 3) ; the model shows highs in areas that are known for high diatom productivity. Maximum values are found in the upwelling areas of the equatorial Pacific, in the Southern Ocean, the northwest Pacific, and the northwest Atlantic.
[25] Gross production of biogenic silica in the Southern Ocean at 170°W between 55°S and 65.5°S has recently been characterized by a pronounced southward increase with a range from 0.76 mol Si m À2 yr À1 to 3.0 mol Si m À2 yr À1 [Nelson et al., 2002] . This increase is also found in the model with a mean annual opal production range from 1.1 mol Si m À2 yr À1 (north) to 3.3 mol Si m ). In the Southern Ocean the edge of the winter ice cover produces a cutoff of the positive values.
[26] Opal that leaves the model euphotic zone and crosses the 100 m depth level, contributes to the opal export production. The model annual average opal export is 177 Tmol Si a
À1
, which lies perfectly in the range of 240 Tmol Si yr À1 for the surface layer production and 120 Tmol Si a À1 that crosses the 200 m depth level [Tréguer et al., 1995] .
[27] Thirty percent of the exported biogenic material is deposited on the sediment surface, where most of it faces dissolution. About 3% of the deposited material is buried in the sediment and thus closes the model silicon balance. Since dissolution of opal frustules does not seem to alter their isotope composition [De La Rocha et al., 1998 ], the same dissolution rate was applied to all silicon isotopes in the water column. Silicon compartments in the sediment are treated the same way.
[28] Currently, measurements of silicon isotopes of diatom frustules need on the order of 10 5 -10 6 single frustules. Thus the measured signal is an average value of all frustules that accumulated during an earlier bloom event. This fits to the current representation of the buildup and export of opal in the model, where monthly averages (in a 3.5°Â 3.5°box) are used despite the time step of 3 days for the biology. If it would be possible to measure the isotope signal in a single frustule, the representation of the accumulation and transport of opal in the model would have to be refined. Then one had to differentiate between opal built at relatively low d 30 Si DSi at the beginning of the month and opal built at relatively high d 30 Si DSi at the end of a month. Si DSi with the silicic acid distribution, these two patterns seem to be inversely related (Figures 2 and 4) . Low silicic acid concentrations correspond to high d
30
Si DSi values and vice versa. A zero-order explanation for this is as follows: Deep mixing in the high latitudes and equatorial upwelling regions provides high silicic acid concentrations to the euphotic layer; with a zonal average the ultimate sinks of silicic acid would be located in the subtropics such that silicic acid would flow from the high latitudes and the equator to the subtropics. Opal production draws down silicic acid during DSi transport to these endpoints. Hence the subtropical gyres show lowest Si concentrations and highest d 30 Si.
[30] However, plotting the two variables against each other ( Figure 5 ) results in a more complicated pattern. Drawing a line through the upper limits of the points ( Figure 5 ) results in a curve similar to the Rayleigh distillation curve (Figure 1 ), whereas the lower limit is set by the deep ocean average. Plots for the different oceans give similar results (Pacific, Atlantic, and Indian Oceans in Figure 5 ). All the data between the two wrapping lines are explained by mixing of different water masses.
[31] On a regional scale the surface ocean can show a more closed system Rayleigh behavior. In the equatorial Pacific, water upwells into the euphotic layer where silicifying phytoplankton draws down silicic acid (and other [33] Following a single water parcel, especially during the occurrence of a diatom bloom, one would also expect to find Rayleigh- [Varela et al., 2002] .
[34] Whereas the d 30 Si DSi distribution can basically be understood from the simple explanation given above, the picture of d
Si opal in the surface layer is more complicated (Figure 7) .
[35] High values of d 30 Si opal are also found in the vicinity of the subtropical gyres, but the location of the maximum is shifted toward the equator. Interestingly, additional relative minima can be found at moderate latitudes in an area where one would expect high values; that is, the simple picture drawn above has to be modified. Since the Pacific is much larger than the Atlantic and the subtropical gyres are remote [36] The relative minima in the zonally averaged opal d
Si are located at about 30°N and 30°S. Lowest production rates are found in the area of the opal d
Si minima between 10°S-40°S and 10°N-40°N. These are the areas with lowest silicic acid concentrations. For the line of arguments we now focus on the Southern Hemisphere at 40°S and 50°S, but the same reasoning holds true for the Northern Hemisphere as well. In spring, diatoms start to grow at 40°S and 50°S in water masses that have very different silicic acid concentrations, but the isotopic compositions after the winter mixing differ by only a few tenths of a permil. As production draws down silicic acid, d 30 Si increases in both the dissolved and the opal phase. Since a part of the diatom biomass remains in the surface water, its opal signal is mixed with that of the following month ( Figure 9 ). Farther south, there is still enough silicon to supply production, but at 40°S, most of the silicon is already taken out and production strongly decreases. Thus comparatively little of the very high d
Si DSi signal is transferred into the opal and then mixed with the opal signal of the previous month.
[37] At 50°S, production continues and much more opal with a less heavy signal (compared to the north) is built. Production is high, so that the overall d 
The D
30
Si in the Water Column [38] The opal isotope signal is transported into the ocean interior, where 97% of the exported opal frustules dissolve. Deep ocean currents are slow relative to surface currents and so the transport of biogenic opal is mainly vertical (not shown here). However, in areas with stronger deep ocean currents, vertically transported opal is mixed with the opal of nearby areas (e.g., at 60°S in the Atlantic Ocean or at Si opal in the model. At the beginning of a productivity event, silicic acid and the opal built from it are low in 30 Si (opal is lighter than the silica by 1.1%, which is not indicated in this simple scheme). After the production, the remaining silicic acid has a higher d 30 Si than the opal that is vertically distributed. At the next step in time, production is lower and only little opal with a high d . This value is globally applied and underestimates the sinking speed of opal aggregates formed during blooms. As model opal sinks rather slowly, stronger ocean advection is able to slightly advect the opal isotope signal in the deep ocean. Compared to the amount of silicic acid entering the deep ocean by the vertical pathway, the amount of deep ocean Si is very high; hence vertical gradients in the silicon isotope ratio of the deep ocean are generally small (Figure 10 ).
[39] Vertical gradients in the top 400 m are more pronounced. Two reasons exist for this. The main reason is that high surface d
Si of opal influences the upper ocean by temperature dependent dissolution of opal. Second, high vertical diffusivity flattens the sharp gradient between the mixed layer and the underlaying layer in such a way that it is also visible in the upper ocean layers down to about 200 m. Slightly higher d
30 Si values of the dissolved phase in the upper ocean have also been found in field data at different locations [De La Rocha et al., 2000] . Except for one profile with strong gradients that were not found at the same location in a later year, the deep ocean results of the model and the field measurements seem to back up. The maximum difference of 0.3% is between 500 m and 1000 m below the equatorial upwelling area. The d 30 Si DSi minimum below the equatorial Pacific extends from 40°S to 40°N and from the western American coast to about 180°W between 500 m and 3000 m. Similarly, a not as pronounced minimum is found below the Atlantic equatorial upwelling and between the African coast and 30°W in the same depth range. Since the differences in the modeled d (Figures 11  and 7) .
[41] The d 30 Si opal surface pattern of the sediments of the Atlantic Ocean is much more diverse than the one of the Pacific. Areas with the strongest isotope signal in the sediment are areas with the lowest opal percentage. (Table 3) .
Discussion
Silicic Acid Utilization in the Southern Ocean
[43] In the Southern Ocean, the difference in silicic acid utilization between the LGM and today was estimated to be about 50% [De La Rocha et al., 1998 ]. This is the result of fitting the measured sediment data to the Rayleigh distillation curve for the accumulated biogenic opal. Implicitly included in this is an assumption on the d 30 Si DSi input to the system, which in this case was 1.6% (Figure 1 ). Changing the isotope signal of the input results in changes of the relative utilization (Figure 12 ). These changes can be quite large, given the slope of the curve for the accumulated matter in Figure 1 . If the silicic acid input was upwelled from the deep ocean and thus carries the overall isotopic signature of the ocean interior (in model equilibrium d 30 Si DSi = 1.36%), the estimated change in silicic acid usage would be below 30%. However, this is not the input signal of the model at the core locations.
[44] In the Indian and Atlantic Oceans at the three locations of the sediment cores used by De La Rocha et al.
[1998] the modeled d 30 Si DSi varies significantly over the course of the year. The total annual range for the three locations is 1.4 -2.3%, thus spanning a large range of possible changes of the silicic acid utilization. The actual input at the time of highest productivity at the beginning of Southern Hemisphere summer will be at the lower end of the scale. Interestingly again, taking the annual mean of d
30
Si DSi as a first-order approximation to the input at the core locations results in a silicic acid utilization close to the given 50%, which gives support to the conclusions drawn. Since highest silicic acid drawdown takes place before d
Si DSi reaches maximum values, the input would be closer to the assumptions of De La Rocha et al. [1998] . Even a maximum correction of 0.18% due to the still changing deep ocean mean would not change this result (see below).
[45] Sediment data (model d
Si opal ) are lower than the coretop measurements (Table 3) , possibly due to the limitations of the opal export scheme. With an opal export scheme that would better represent high export events of opal, also those data would fit better. All together, model data combined with field measurements give confidence in the use of silicon isotopes as an indicator of silicic acid utilization. If overall opal production in the Southern Ocean at the LGM was reduced, the annual average of Si opal and the silicic acid concentration of the surface water ( Figure 13 ). So far, there
is not yet any field data to check the model outcome. It would be of interest to compare the silicic acid concentrations in the equatorial Pacific surface water with the coretop silicon isotope signal along the equator in the Pacific. As long as the structure of the equatorial Pacific current system has been similar in the past, the discovered relationship should be valid, i.e., on glacial-interglacial Table 3 ). timescales. Given that the downcore signal is dominated by diatoms, silicon isotopes may give important information not only on the relative silicic acid utilization but also on the absolute silicic acid concentration. This is not yet known from any other proxy.
[48] Modeling the global biogeochemical cycle is always constrained by the complexity of the physical and biogeochemical processes that shall be represented and by the amount of computational power that is available. For this study it was necessary to bring the model into a state that could be called at least ''close-to-steady state.'' More than 20,000 model years were necessary for this integration. Owing to the chosen spatial resolution, the distribution of silicic acid reflects the broad pattern very well, but loses accuracy in the small-scale details. For instance, regional upwelling along the Peruvian coast and winter convection around the Antarctic peninsula are either under-or overrepresented in the model. Si signals found in the surface and the sediment, this will not make a big change to the conclusions drawn before, but rather shifts the calculated sediment values closer to the few measured ones.
[50] As was shown in the literature, the current system of the equatorial Pacific is very complex, with its meridional overturning cells and the transport of nutrients in the area between 2.5°S to 2.5°N [e.g., Johnson et al., 1999] . In HAMOCC4 this latitudinal range is represented by two grid boxes and therefore does not show the small details in silicic acid concentrations found, for example, in the World Ocean Atlas [Conkright et al., 1998 ]. Still, the HAMOCC4 is capable of reproducing the most important feature for the silicic acid supply to the system, which is the Equatorial Undercurrent, with about the correct size of upwelling (52 Sv in the area 170°W-95°W, 3.6°S-5.2°N compared to 62 ± 18 Sv from geostrophic calculations by Johnson and McPhaden [2001] ). Bearing in mind that the upwelling at the Peruvian coast might be under-represented and that the model resolution is 3.5°Â 3.5°, the relation between d 30 Siopal in the sediment and the silicic acid surface concentration should be generally valid in the open ocean area, but might be not as smooth as shown by the model. In the eastern equatorial Pacific, simulated surface silicic acid concentrations are possibly higher than measured. Either model productivity in this area is too low or vertical transport of nutrients is too pronounced despite the correct size of upwelling. Generally, d
Si opal increases with decreasing silicic acid concentrations. The model may thus underestimate the amplitude of the signal in the eastern equatorial Pacific sediment.
[51] Furthermore, the missing iron limitation of diatom growth may lead to different patterns of opal and silicic acid. This is of interest in the North Pacific and the Southern Ocean. Since the LSG dynamics seem to overestimate stratification or underestimate vertical nutrient transport in the North Pacific [Aumont et al., 2003 ], we do not rely on the d 30 Si signal there. Differences in modeled and measured silicic acid concentrations are largest in the Southern Ocean with its very high silicic acid concentrations. Since concentrations are still high enough to keep the silicic acid depletion low, the error in the d
Si signal might be small.
[52] Silicic acid limitation of diatom growth is reported for the area north of the Southern Ocean Polar Front [Boyd et al., 2000] , which would lead to high d 30 Si opal . This feature is not very well simulated in the model, possibly because the large diatom blooms found at the Polar Front cannot be represented locally. Hence the strongest d 30 Si opal signal is found farther north. This may be another reason to expect higher isotope compositions in the sediments directly north of the Polar Front.
Conclusions
[53] For the first time, the overall distribution of silicon isotopes in the world ocean has been calculated by integration of a biogeochemical ocean circulation model. It has been shown that the relationship between the silicic acid concentration in the water and its silicon isotope composition, d
30
Si DSi , is not a simple Rayleigh distillation curve. Only the Southern Ocean and the equatorial Pacific show a clear functional dependency similar to the Rayleigh distillation curve. The model results can be used to predict opal silicon isotope compositions in the sediment. The accumulated opal isotope signal is much more variable than the signal of the dissolved phase. More importantly, the model results can be used to further constrain the use of silicon isotopes as a proxy for silicic acid utilization. Owing to the nature of the Pacific current system, it might be valid to even apply a relationship between silicic acid concentrations in the surface and the silicon isotope signal in the sediment. This should be further confirmed by silicon isotope measurements and the incorporation of silicon isotopes in higher-resolution models. Generally, more opal isotope data is needed to further examine the use of this promising proxy.
